There has been sustained clinical and cognitive neuroscience research interest in how network correlates of brain-behavior relationships might be altered in Autism Spectrum Disorders (ASD) and other neurodevelopmental disorders. As previous work has mostly focused on adults, the nature of whole-brain connectivity networks underlying intelligence in pediatric cohorts with abnormal neurodevelopment requires further investigation. We used network-based statistics (NBS) to examine the association between resting-state functional Magnetic Resonance Imaging (fMRI) connectivity and fluid intelligence ability in male children (n 5 50) with Autism Spectrum Disorders (ASD; M 5 10.45, SD 5 1.58 years and in controls (M 5 10.38, SD 5 0.96 years) matched on fluid intelligence performance, age and sex. Repeat analyses were performed in independent sites for validation and replication. Despite being equivalent on fluid intelligence ability to strictly matched neurotypical controls, boys with ASD displayed a subnetwork of significantly increased associations between functional connectivity and fluid intelligence. Between-group differences remained significant at higher edge thresholding, and results were validated in independent-site replication analyses in an equivalent age and sex-matched cohort with ASD. Regions consistently implicated in atypical connectivity correlates of fluid intelligence in ASD were the angular gyrus, posterior middle temporal gyrus, occipital and temporo-occipital regions. Development of fluid intelligence neural correlates in young ASD males is aberrant, with an increased strength in intrinsic connectivity association during childhood. Alterations in whole-brain network correlates of fluid intelligence in ASD may be a compensatory mechanism that allows equal task performance to neurotypical peers.
| IN TR ODUC TION
Fluid intelligence refers to the ability to solve novel problems, and is typically estimated from composite scores of nonverbal or abstract tests.
Under the Catell-Horn-Carroll (CHC) model, fluid intelligence (Gf) is a broad ability subsumed under an overall general intelligence factor (Reynolds & Keith, 2017; Schneider & McGrew, 2012) . The autism spectrum disorders (ASD) are a group of heterogeneous neurodevelopmental conditions associated with deficits in social communication, social interaction, and restricted and repetitive behaviours. Uneven subtest scores within IQ measures have been observed across high-and low functioning ASD populations, as well as in both children and adults with ASD (Happ e, 1994) . In particular, nonverbal fluid intelligence performance in ASD groups has been suggested to be elevated relative to crystallized intelligence scores on verbal tasks. However, a neurobiological account of brain-behavior associations in intelligence ability in ASD is lacking, and Hum Brain Mapp. 2018;1-10.
wileyonlinelibrary.com/journal/hbm the link between altered neurodevelopment in ASD and cognitive performance remains poorly understood (Ehlers, et al., 1997; Happ e, 1994; Hayashi, et al., 2008) .
Previous investigations on the neural correlates of ASD fluid intelligence ability have primarily relied on task-based paradigms in functional Magnetic Resonance Imaging (fMRI), based on blood oxygen level dependent (BOLD) response as an estimate of local brain regions recruited when performing a particular task. Adults with ASD demonstrate an abnormal reliance on enhanced visuospatial processes in extrastriate and parietal regions when engaging in fluid tasks (Koshino, et al., 2005; Mottron, et al., 2013) . Increase in fluid task complexity modulated stronger activity in occipital and temporal regions, coupled with higher connectivity between major lobar regions (Simard, et al., 2015; Soulières, et al., 2009) . Fluid intelligence performance in neurotypical individuals is known to involve broad recruitment across frontal, parietal, temporal and occipital cortices, as well as subcortical striatal and thalamic regions (Burgaleta, et al., 2014; Geake & Hansen, 2010; Gong, et al., 2005; Kroger, et al., 2002; Perfetti, et al., 2009; Prabhakaran, et al., 1997) . In contrast, connectivity to prefrontal cortical areas observed in controls during fluid tasks were either altered or absent in adults with ASD, suggesting impairments in functional segregation and integration in neural mechanisms underlying ASD fluid intelligence ability primarily characterized by increased occipito-parietal and temporal activity (Sahyoun, et al., 2010; Yamada, et al., 2012) .
Previous studies focused on localization may be associated with a bias towards identification of task-positive regions, and there is a need for network-based whole-brain investigations (Basten, et al., 2015; Langeslag, et al., 2013) . One approach to elucidate the neural correlates of fluid intelligence is the use of resting-state or intrinsic functional connectivity, defined as the temporal synchronicity of BOLD time-series between spatially distinct brain regions when no task is being performed (Lowe, et al., 2016) . Intrinsic functional connectivity offers powerful methods to characterize the functional architecture of the brain. The measure corresponds to individual differences during taskdependent active states, and has also been shown to predict fluid intelligence ability (Smith, et al., 2009; Tavor, et al., 2016) . However, most investigations on brain networks underlying cognition tend to be limited to general intelligence or neurotypical adult populations (Ha asz, et al., 2013; Malpas, et al., 2016; Penke, et al., 2012) . The nature of whole-brain fluid intelligence connectivity networks in neurodevelopmental disorders is thus not well understood in pediatric populations.
Specifically, it is not clear how the neurocognitive architecture of fluid intelligence is altered in ASD during early stages of cognitive development (Gray, et al., 2003; Kosslyn, et al., 2002) .
To address this gap, we investigated whether whole-brain intrinsic functional connectivity networks associated with fluid intelligence were altered in children with ASD. Comparisons for all analyses were made to typically developing controls matched on age, sex, and fluid intelligence ability. Importantly, strict matching criteria was implemented to ensure that observed differences were not likely to be explained by common confounds faced in ASD research (Pua, et al., 2017 Martino, et al., 2014) . ABIDE sites were only selected if comprehensive fluid intelligence measures were available, and age ranges and sample sizes were suitable for analyses (See Supporting Information Figure S1 ).
Following this criteria, the KKI site was included for the main analysis.
Participants in the KKI sample were recruited as part of a study run by Specified), assessed with the WISC-IV, and with MRI data acquired under the same scanning protocol. Continuous variables in the phenotype data were demeaned. Nonparametric propensity matching was performed using the MatchIt package (Ho, et al., 2011) in the R environment (Team, 2014 Structural images were co-registered and segmented into grey-matter, white-matter and cerebrospinal fluid for later use in the removal of physiological noise from the functional volumes. In the first-level BOLD model, realignment transformation matrices and global signal intensities were analyzed using the Artifact Detection Tool (ART) to detect motion and signal outliers. Noise from sources such as cardiac, respiratory, and other physiological activity that were not likely to be modulated by neural activity were identified using the component-based noise correction aCompCor method (Behzadi, et al., 2007) . Confounds were removed by regressing artefactual effects from the BOLD signal (within-subject covariates from realignment parameters, nonneuronal physiological noise from white-matter and cerebrospinal fluid masks).
| Image processing and analysis
Residual BOLD time series were detrended and band-pass filtered (0.008-0.09Hz) before computing connectivity measures. Regions-ofinterest (ROI) were defined using the FSL Harvard-Oxford Atlas (http://www.fmrib.ox.ac.uk/fsl/) for cortical and subcortical areas, and the Anatomical Automatic Labelling (AAL) atlas (Tzourio-Mazoyer, et al., 2002) for cerebellar regions, resulting in 132 ROIs. The mean BOLD time series for all voxels in each ROI were extracted to compute pairwise correlations between all ROIs with the Fisher r-to-z transformation to construct a 132 3 132 connectivity matrix.
Network-based statistic (NBS) was used to identify brain networks
showing between-group differences in functional connectivity associated with fluid intelligence performance (Zalesky, et al., 2010) . NBS is a network-specific approach that is typically used to identify groups of connections showing a significant effect of interest, while controlling for the family-wise error (FWE) rate. As a nonparametric method for connectome-wide analysis, NBS offers substantially greater statistical power than generic mass-univariate testing procedures at the edge level, if connections associated with the effect of interest form connected components (defined here as interconnected subnetworks).
NBS estimates an FWE-corrected p-value for identified subnetworks through permutation testing. Consequently, the null hypothesis can only be rejected at the level of entire subnetworks, and inferences about specific connections will not be valid. The principle behind NBS is similar to cluster-based approaches used to perform inference on statistical parametric maps, and utilizes the observation that pathological effects of disease are frequently distributed across the brain but also constrained by anatomical network topology (Fornito, et al., 2016) .
NBS has been widely used to study altered brain connectivity in disorders such as schizophrenia (Zalesky, et al., 2011 ), depression (Korgaonkar, et al., 2014 , addiction (Hong, et al., 2013 ), Parkinson's disease (Aarabi, et al., 2015) , as well as connectivity correlates of cognition in the general population (e.g., Hearne, et al., 2016b) .
For the present study, fluid intelligence performance scores were first regressed onto individual edges in the functional connectivity matrix. Between-group differences in functional connectivity associated with performance scores were evaluated at the second-level.
Handedness and age were included as covariates for all analyses. To identify interconnected subnetworks across groups, a breadth first search (Ahuja, et al., 1993) was performed among connections surviving a t-statistic threshold (i.e., the component forming threshold) of at 
| R E SULTS
Between-group differences in the association of resting-state fMRI subnetwork connectivity with fluid intelligence performance was 
| D ISC USSION
This is the first study to investigate the neural correlates of fluid intelligence in pediatric ASD cohorts based on a novel brain-behavior matching framework. We identified increased resting state functional connectivity associated with fluid intelligence ability in young ASD males relative to matched controls. These results were replicated in an independent sample with a matched cohort of the same age range. In the context of inter-site differences in sampling, phenotyping, diagnostic classification, MRI scanner and acquisition parameters, and significant heterogeneity within ASD neurobiology, the robustness of present findings suggest the presence of aberrant functional connectivity correlates of fluid intelligence in ASD between 8 to 13 years of age.
Brain regions identified are consistent with previous investigations of localized functional BOLD activity during fluid task performance that show atypical increases in occipito-temporal activity coupled with decreased prefrontal activation in ASD (Yamada, et al., 2012) . A recent meta-analysis of grey-matter abnormalities in pediatric ASD reported grey-matter alterations in the right angular gyrus, left inferior occipital gyrus and right inferior temporal gyrus, as well as in frontal, medial parietal and cerebellar regions. Increased grey-matter volume of the right angular gyrus was further associated with increased severity of repetitive behaviors, a core symptom in ASD (Liu, et al., 2017) .
In neurotypical individuals, independent component analysis of taskbased fMRI metadata show that temporo-occipital and inferior parietal regions constitute a cluster of intrinsic connectivity networks related to visual perception of complex stimuli higher-level visual processing, visual tracking, mental rotation and spatial discrimination (Laird, et al., 2011) .
The angular gyrus and temporal-occipital cortex also demonstrate shared activity even among different fluid intelligence tasks, suggesting their role as potential neural correlates of fluid intelligence ability (Ebisch, et al., 2012) . In task-free states, connectivity between the angular gyrus and occipital regions form part of a temporally independent functional mode (Smith, et al., 2012) . Functionally, the angular gyrus serves as a cross-modal hub that combines and integrates multisensory information for attentional reorientation to critical information, comprehension of environmental events, manipulation of mental representations and problem solving (Seghier, 2013) . According to the P-FIT (Parieto-Frontal Integration Theory) hypothesis, the role of the angular gyrus in information processing stages involves integration and abstraction, followed by parietal-frontal interactions that support problem solving and evaluation of solutions (Colom, et al., 2009; Jung & Haier, 2007) . That our findings cohere with known functional connectivity networks of fluid ability in typical controls suggest that these systems also subserve similar functions in ASD, but are more susceptible to aberrations in local and global functional connectivity due to atypical neurodevelopment.
Abnormalities in intrinsic connectivity associated with fluid intelligence were found in younger but not older age groups in the present study. Alterations in brain structure and function in ASD tend to be age- [Color figure can be viewed at wileyonlinelibrary.com] dependent, and are characteristic of atypical neurodevelopment in the disorder (Uddin, et al., 2013) . In children with ASD, there is significant hypoactivation of the middle frontal gyrus during nonsocial tasks in contrast to adults with ASD (Dickstein, et al., 2013) . A similar pattern of early increased functional connectivity followed by a decline in later stages has been reported in other neurodevelopmental disorders, possibly related to dysregulation of brain activity due to aberrant neurodevelopment of structural connectivity of hub regions in the association cortices (Fornito & Bullmore, 2015) . As expected, the inconsistency of abnormalities across different ages presents a significant source of with within-and betweengroup heterogeneity that is difficult to capture reliably.
| I M P L I CA TI ONS
It is of interest that between-group differences in intrinsic connectivity networks associated with fluid intelligence performance were observed between ASD and controls, despite both groups being equivalent on fluid intelligence ability. The degree of association between subnetwork connectivity and fluid ability observed in ASD is therefore more likely related to disorder-specific effects, rather than differences in fluid performance ability (Gray, et al., 2003; Perfetti, et al., 2009 ). According to the neural efficiency hypothesis, differential cortical activity can be observed among subjects with discrepant neural resources, despite similar task ability. Abnormally increased activation of brain regions during cognitive tasks in atypical populations may indicate a mechanism of neural compensation to achieve the same degree of performance.
Consistent with present findings, the process often involves mediation by hub nodes that integrate multiple neural systems, such as the angular gryus in the parietal association cortex. Dedifferentiation, the failure of neural processes to specialize due to neurodevelopmental abnormalities could also underlie early aberrant increases in hub activity observed in our findings (Fornito, et al., 2017) . Under this framework of neural compensation, our results also complement previous findings of increased BOLD signal changes with increased fluid task difficulty in the inferior parietal lobule including the angular gyrus, and the left temporo-occipital junction in healthy individuals (Preusse, et al., 2011) .
Increased resting-state connectivity was also associated with higher intelligence scores (Hearne, et al., 2016a) . Together, atypically increased strength of association in the ASD fluid intelligence subnetwork may reflect a compensatory effect to achieve the same level of fluid task performance as ability-matched controls in our analyses.
Consequently, the common assumption that matching on group variables is sufficient to control for all associated variation is problematic, and could introduce artefactual differences in case-control comparisons biased by differential associations in neural correlates (Lefebvre, et al., 2015) . As we have shown in this study, group differences in brain structure and function should also demonstrate covariation with variables of interest such as clinical symptom severity. Understanding how alterations in the brain relate to individual differences in phenotypic expression in ASD may reveal important pathways in the etiology of ASD (Picci, et al., 2016) . These cohort-dependent findings in ASD highlight the importance of ensuring that differences observed are associated with the effect of interest, rather than variation related to confounds (B€ olte, et al., 2009; Dawson, et al., 2007) . Given that we have investigated higher functioning ASD subgroups, further work should determine if similar patterns of alterations can be observed in low functioning individuals.
Final considerations are the constraints of NBS. The technique yields increased power over link-based FWE control to detect connected components with whole-brain multiple comparisons, but at the cost of localizing resolution for independent links (Zalesky, et al., 2010) .
We have thus refrained from directly interpreting individual edge links in identified subnetworks. Connectivity strength and network topology are distinct properties of the brain connectome that can demonstrate mutually exclusive perturbations (Hong, et al., 2013) . While we have focused on functional connectivity analyses, our findings establish a promising framework for subsequent investigations into the multi-scale Notes. a Nodes consistent across independent-site replication Georgetown University (GU).
configuration of the neural correlates of cognition in various disorders, and across different neuroimaging modalities. As our pipeline only included one method of parcellation, replication of analyses with different parcellation techniques could also strengthen present findings by reducing the likelihood of atlas selection biases (Abraham, et al., 2016) .
Apart from identifying fundamental units or collective features of network topology, graph-based measures allow the identification of intermediate mesoscale structures through community detection techniques and across multiple timescales. Importantly, the function of network nodes may differ depending on the scale of analysis (Betzel & Bassett, 2017) . Given also that structural connectivity correlates were not investigated in the present study, cross-modal network analyses that integrate structural and functional data will be crucial to delineate the mechanisms of cognitive development, and how the nature and developmental trajectories of the neural correlates of cognition are altered over time in neurodevelopmental conditions (Grayson & Fair, 2017) . Because anatomical networks determine pathways of neuronal signaling, structural network development likely precedes the complete deployment of global intrinsic functional connectivity networks underlying intellectual ability in children and adolescents. (Petersen & Sporns, 2015; Vertes & Bullmore, 2015) . 
